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The current management of colorectal cancer 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide, with an 

incidence of 1.36 million cases yearly.1 Approximately 25% of patients with CRC present with 

metastatic disease and 25 – 35% will develop metastases over time.2 Irresectable, non-

curable colorectal cancer (mCRC) can be treated with palliative chemotherapy to reduce 

cancer symptoms, improve quality of life, and overall survival. First-line palliative systemic 

treatments include infusional 5-fluorouracil with leucovorin combined with oxaliplatin 

(FOLFOX) or irinotecan (FOLFIRI). Alternatively, 5-fluorouracil can be substituted with the oral 

fluoropyrimidine, capecitabine. In the last decade, anti-angiogenesis (bevacizumab), anti- 

epidermal growth factor receptor targeted (EGFR) agents (cetuximab and panitumumab), 

multikinase inhibitors (regorafenib) and new cytotoxic agents (TAS-102) have shown 

beneficial effects on survival.3-5 The total arsenal of palliative anti-cancer treatments has 

improved mean overall survival of these patients to up to 30 months. However, the many 

options have led to important and complex treatment decisions. For instance, it is unknown 

whether triplet or quartet combination therapy will lead to a better outcome than using these 

agents in sequential therapy strategies.6 And, if so, what would be the optimal sequence for 

different anti-cancer treatments?7 Another intriguing question remains how to select the 

optimal treatment strategy for an individual patient starting palliative treatment? 

 

Third line palliative systemic anti-EGFR therapy 

This thesis focuses on anti-EGFR inhibition as third line palliative systemic monotherapy. Two 

monoclonal antibodies have been registered for this treatment setting, panitumumab and 

cetuximab, with comparable treatment efficacy.8 The first is a fully human IgG2 monoclonal 

antibody (mAb), the latter a chimeric IgG1 mAb, both directed towards EGFR. By binding to 

membranous EGFR, cetuximab and panitumumab induce dimerization with another EGFR or 

other receptors from the ErbB family. The intracellular tyrosine kinases of these dimers are 

not activated, as would happen after dimerization with natural ligands. The inactive dimers 

are internalized and degraded. This results in inhibition of key oncogenic signaling pathways, 

such as the RAS-RAF-MAPK and the PI3K-PTEN-AKT axis9. Additionally, the immune system 

might play a role in drug efficacy, as tumor cells with cetuximab on the cell surface can be 
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targeted for antibody-dependent cell-mediated cytotoxicity through natural killer cells10. In 

the first clinical trials, which demonstrated that cetuximab and panitumumab indeed 

improved survival in mCRC patients, it became apparent that these targeted agents were not 

beneficial for all patients. Counter-intuitively, studies demonstrated that patients with absent 

tumor EGFR expression on immunohistochemistry could still benefit from cetuximab and 

panitumumab.11,12 More importantly, retrospective analyses of multiple randomized clinical 

trials proved that patients with RAS mutated tumors did not benefit from anti-EGFR mAb.13 

The discovery of this predictive biomarker is supported by the fact that KRAS and NRAS (exon 

2-4) are constitutively activating mutations of the RAS gene which are downstream of EGFR in 

the signaling cascade. Blocking the signal at the top of the pathway will not lead to inhibition 

downstream. The predictive value for non-response of BRAF V600E mutations was 

controversial for a long time, as it was thought to be prognostic and not predictive. However, 

recent meta-analyses demonstrated that patients with RAS wild-type BRAF mutated mCRC 

indeed do not significantly benefit from the addition of anti-EGFR mAb.14,15 The total 

incidence of RAS and BRAF mutations in patients with CRC is approximately 53% and 5%, 

respectively.13 

Current data suggest that patients with right-sided colon cancer (caecum to transverse 

colon) benefit less from anti-EGFR mAb compared to left-sided colon and rectal cancer.16,17 

The biological constitution of these right-sided tumors appears different, for instance these 

tumors are more often RAS and BRAF mutated.18 Nevertheless, even in RAS and BRAF wild-

type right-sided tumors the added value of anti-EGFR mAb is low19, therefore these patients 

are not treated with these antibodies. The biology behind this surrogate biomarker is still not 

fully understood. 

Despite patient selection based on these known biomarkers, we still expose patients 

with intrinsic resistant disease to anti-EGFR mAbs20. This thesis was undertaken with the 

ultimate goal to discover additional predictive biomarkers for the identification of RAS wild-

type mCRC patients that do no benefit from anti-EGFR mAb therapy. With these biomarkers 

we hope to improve personalized medicine, treatment efficacy and cost-effectiveness. 
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Potential biomarkers for anti-EGFR mAb efficacy  

Biomarkers for treatment selection tools are needed to improve treatment efficacy in 

patients with solid tumors. Potential biomarkers can be blood derived, tumor tissue derived 

or imaging based. Anatomical imaging has become one of the main pillars in clinical oncology 

used for treatment selection and guidance for each individual patient. Response evaluation of 

systemic therapy is based on anatomical information, often gained from computed 

tomography (CT) or magnetic resonance imaging (MRI), evaluated according RECIST version 

1.1.21 However, positron emission tomography / computed tomography (PET/CT) has the 

advantage to combine anatomical information with biological processes such as tumor 

perfusion, tumor proliferation, tumor glucose metabolism and drug tumor-uptake and 

biodistribution. 

One of the most extensively investigated PET scans in clinical oncology is the 

[18F]fluorodeoxyglucose PET ([18F]FDG PET/CT). [18F]FDG PET/CT gives information on tumor 

glucose metabolism. The targeting ability of [18F]FDG, an 18-fluorine labelled glucose 

analogue, is based on the changed glucose metabolism of cancer. Cancer cells reprogram 

their metabolism to anaerobic glycolysis, which can be performed continuously, but is less 

efficient than aerobic glucose metabolism (Warburg effect) 22. To compensate, cancer cells 

upregulate the glucose transporter GLUT1 to increase glucose import into the cell 23. After 

internalization of [18F]FDG, the tracer will be converted to an unprocessable metabolite, 

resulting in intracellular accumulation of the radioisotope in cancer cells over time. If a 

[18F]FDG PET/CT is performed in a standardized fashion24, quantitative data can be calculated 

from PET images. The most commonly used quantitative measure to express tumor uptake is 

standard uptake value (SUV), in which the activity in a tumour volume of interest (VOI) is 

divided by the injected dose, divided by the body weight. Alternatively, lean body weight can 

be used (SUL), as fat tissue does not take up glucose in a fasting state. SUV (or SUL) is 

calculated per voxel, SUVmax is the value of the one voxel in the VOI with the highest value. 

SUVmean is the mean value of the all the voxels in the VOI. SUVpeak is derived from the activity 

measured in a 1 cm3 sphere within the tumour VOI, placed automatically to ensure that it 

captures the highest value. Metabolically active tumour volume (MATV) or tumor VOI can be 

manually or semiautomatically delineated. Semiautomatical delineation is a preferred method 

as it gives more reproducible data. Often a threshold of 50% of the SUVmax or SUVpeak is used 
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for the delineation, usually with correction for local background (SUV ≤ 4). Total lesion 

glycolysis (TLG) can be calculated by multiplying SUVmean with MATV. Of these conventional 

radiomics features, baseline [18F]FDG uptake was found to be prognostic for colorectal cancer 

in a neoadjuvant25,26 and metastatic setting.27,28 Additionally, in mCRC, early changes on 

[18F]FDG PET were found to be prognostic and predictive for treatment benefit with 

chemotherapy combined with cetuximab 29, sorafenib 30 and regorafenib 31,32. And since 

changes in metabolism can occur very quickly after the first treatment cycle, [18F]FDG PET is 

very suitable for early response evaluation.  

For anti-EGFR mAb it is reported that pharmacokinetics are highly variable between 

patients and that higher clearance of anti-EGFR mAb might negatively influence progression-

free survival.33,34 Variance in pharmacokinetics might result in insufficient accumulation of 

anti-EGFR mAb in the tumor. By labeling anti-EGFR mAb, in our case cetuximab, with 

zirconium-89, a radioisotope with comparable half-life to monoclonal antibodies, 

biodistribution and tumor uptake can be evaluated on PET/CT.35 Pre-clinical data in mouse 

models demonstrated [89Zr]Zr-cetuximab uptake in colorectal metastases.36,37 Additionally, it 

was found that [89Zr]Zr-cetuximab tumor uptake was not just dependent on the presence of 

EGFR, and it was hypothesized that pharmacokinetic and dynamic mechanisms may influence 

tumor accumulation.36 A few small clinical trials investigated [89Zr]Zr-anti-EGFR mAb PET/CT 

and all found variable tumor uptake between patients, making uptake a potential biomarker 

for anti-EGFR mAb efficacy.38-40 

Recently, more explorative radiomics were evaluated, which gave more insight in 

structural and textural characteristics on a voxel level. These indices described the shape of 

the tumur (e.g. Sphericity or Compactness) and heterogeneity in voxel uptake (e.g. Entropy or 

areas under the curve of the cumulative SUV-volume histogram (AUC-CSH)). The measures for 

heterogeneity are of particular interest in response prediction for targeted agents such as 

cetuximab, as it is known that heterogeneity in RAS mutations can occur within and between 

lesions41. Furthermore, multiple studies demonstrated that RAS mutated tumors generally 

take up more [18F]FDG. Unfortunately, it is not sensitive enough to play a clinically relevant 

role in treatment selection42.  
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In the history of oncology, one of the first steps in understanding more about tumor 

biology was to evaluate mutations in tumor tissue. The major pitfall of this method is that the 

it is often based on a small needle biopsy of only one lesion. Additionally, percentage viable 

tumor cells in these biopsies often vary. Data from clinical trials have suggested that 

heterogeneity in RAS mutation status within a patient is low and does not change often over 

time, without anti-EGFR mAb treatment. However, these clinical data were based on a few 

biopsies per patient41,43,44. In contrast, some small data sets extensively tested RAS mutations 

in multiple samples of one lesion and in multiple lesions within one patient and demonstrated 

a heterogeneous RAS status in up to 40% of patients41. Liquid biopsies in peripheral blood 

may be a suitable new method to derive mutational information of all tumor lesions and 

obtain a more representative RAS status for the entire tumor bulk. Liquid biopsies entail all 

tumour-derived biomarkers isolated from biological fluids, such as peripheral blood. These 

biomarkers include circulating tumour cells (CTCs), circulating cell-free (cf) DNA and RNA. 

However, the difficulty with liquid biopsies is the differentiation between tumor and normal 

circulating cells and cfDNA. For CTCs the main limitation is the scarcity and thus large blood 

samples are needed. Tumor cfDNA can only be distinguished from non-tumorous cfDNA by 

detection of tumor-specific mutations on cfDNA. For anti-EGFR mAb, RAS and BRAF mutations 

were detectable in plasma in untreated patients and appear in the circulation after acquired 

resistance in patients with initially wild-type disease45,46. The advantage of such minimally 

invasive liquid biopsy obviously is that it can be performed at multiple time points to assist in 

patient selection at baseline and monitor resistance during treatment. 

 

Aim and outline of this thesis  

Despite current selection criteria, we still treat patients with anti-EGFR mAb, who do not 

benefit from this therapy. In this thesis we therefore aim to discover additional predictive 

biomarkers to identify patients with primary resistant RAS wild-type mCRC and gain more 

insight in the causes for intrinsic resistant disease by means of [89Zr]Zr-cetuximab PET/CT 

imaging, baseline and early [18F]FDG PET/CT evaluation and radiomics, evaluation of 

pharmacokinetics, circulating soluble EGFR and mutation analysis in tumor tissue and in 
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cfDNA. With this knowledge and biomarkers we hope to improve personalized medicine, 

treatment efficacy and cost-effectiveness. 

In this thesis chapter 2 describes a meta-analysis in which the added value of anti-

EGFR mAb to standard treatment line was evaluated in 17 randomized clinical trials. The aim 

of this meta-analysis was to evaluate the optimal treatment line for use of anti-EGFR mAb for 

patients with advanced colorectal cancer. With meta-regression the influence of the 

chemotherapeutic backbone on cetuximab efficacy was evaluated. Additionally, toxicity was 

reported for all treatment combinations. 

In chapter 3 we describe a comprehensive analysis of ten radiomics features on pre-

treatment [18F]FDG PET/CT and the correlation with treatment benefit, PFS and OS in patients 

with mCRC, treated with first- or third-line systemic palliative treatment. 

In chapter 4 we evaluate the predictive value of early [18F]FDG PET/CT in patients with 

chemotherapy-resistant KRAS wild-type mCRC treated with cetuximab monotherapy in a pilot 

study. 

In chapter 5 we report the interim analysis of the prospective, multicenter, 

interventional IMPACT-CRC trial (part 1) with respect to the predictive value of early [18F]FDG 

PET/CT evaluation. In this cohort patients with chemotherapy-resistant RAS wild-type mCRC 

were treated with cetuximab monotherapy. After one treatment cycle of cetuximab early 

[18F]FDG PET/CT evaluation was performed. In part 2 of the IMPACT-CRC, which is still open 

for inclusion, the obtained results will be validated. 

In chapter 6 the results of the first part of the IMPACT-CRC are described. Patients 

with chemotherapy-resistant RAS wild-type mCRC underwent a [89Zr]Zr-cetuximab PET/CT 

with the therapeutic dose as pre-dose. Based on the visual tumor uptake, patients either 

continued with the standard dose cetuximab or received an escalated dose of cetuximab. 

Additionally, cetuximab pharmacokinetics, soluble EGFR, pre-treatment [18F]FDG PET/CT and 

[15O]H2O PET/CT were evaluated. 

In chapter 7 we evaluate circulating RAS and BRAF mutations in cell-free DNA prior and 

during treatment with cetuximab monotherapy in patients with tissue RAS wild-type 

advanced colorectal cancer, who participated in IMPACT-CRC trial.  
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A summary of the main results of this thesis are described in chapter 8, accompanied 

by a discussion and future perspectives.  

A Dutch summary of this dissertation is given in chapter 9   
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